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Abstract 



Shapiro voltage steps at voltages V n = nVo (n integer) have been observed 
in the voltage-current characteristics of a superconducting film with a square 
lattice of perforating microholes (antidots) in the presence of radiofrequent 
radiation. These equidistant steps appear at the second matching field H2 
when the flow of the interstitial vortex lattice in the periodic potential created 
by the antidots and the vortices trapped by them, is in phase with the applied 
rf frequency. Therefore, the observation of Shapiro steps clearly reveals the 
presence of mobile intersitial vortices in superconducting films with regular 
pinning arrays. The interstitial vortices, moved by the driving current, coexist 
with immobile vortices strongly pinned at the antidots. 

Pacs: 74.25.Nf, 74.60.Ge, 85.25.Cp, 74.50.+r 
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Conventional Josephson junctions (JJ's), irradiated with a radiofrequent signal, show 
Shapiro steps in the voltage current (V(I)) characteristics Q, which are equidistant in 
voltage and show a constant ratio v/V\ = h/2e, with V\ the height of the first step and v 
the irradiation frequency. In the framework of the resistively shunted junction (RS J) model, 
the behavior in time of A<3>, the phase difference between the two electrodes of a JJ, can 
be described by the damped pendulum equation [§]. This equation of motion is completely 
analoguous to the one of a driven mass on a tilted washboard surface. A horizontal driving 
force on this mass, corresponding to the current through the JJ, is represented by the tilt 
of the washboard. From this analogy, the origin of the voltage steps can be interpreted 
as follows: the dc driving force on the mass determines the average tilt of the washboard 
while the ac force makes the tilt oscillate around this average position with the applied ac 
frequency. When the period (or a multiple of the period) of the hopping of the mass over the 
barriers of the washboard coincides with the period of the applied ac force, an interference 
effect occurs, resulting in steps in the ^(-^-characteristic. 

This appearance of Shapiro steps is therefore not exclusively seen in the V(I)- 
characteristics of rf-irradiated JJ's but is expected in every system where an object, moving 
in a periodic potential, is driven by a superimposed dc and ac force. An interesting example 
of such a system is the dc flux transformer [fJ.Q . 

Another system in which Shapiro steps can be observed, is a superconducting film with 
a laterally modulated thickness. Here the Abrikosov vortex lattice moves coherently in the 
one- dimensional periodic potential created by the thickness modulation. Martinoli et al. 
found pronounced equidistant steps in the K(J)-characteristics of these thickness-modulated 
films at several matching fields and rf frequencies. 

In this paper, we focus on the observation of Shapiro steps in a superconducting film 
with a two-dimensional periodic potential created by a lattice of antidots, i.e. sub-micron 
holes (see Fig. |l]a). Chosing the appropriate temperature and magnetic field, this system 
can be tuned so, that every antidot is occupied by a single vortex and an interstitial vortex 
lattice is formed at the centres of the cells, caged by the surrounding occupied antidots (see 
Fig. |l]b) ||. This weakly pinned interstitial lattice is easily moved through the potential that 
is created by the strongly pinned vortices at the antidots. We present V(I) results obtained 
at the second matching field ^qH 2 on a superconducting Pb film containing a square array of 
antidots. We show clear evidence for the existence of Shapiro steps in these films. Moreover, 
the height of the appearing voltage steps proves that only the interstitial vortex lattice is 
moving, in agreement with recent Lorentz-microscopy experiments [^]. 

The studied samples are 50 nm thick Pb films with a square antidot lattice (antidot 
size a 2 = 0.4 x 0.4 /im 2 and period d = 2 /iin). Fig. [TJa shows an atomic force micrograph 
of the sample. The films are electron beam evaporated in a MBE apparatus onto liquid 
nitrogen cooled SiC>2 substrates with a predefined resist-dot pattern and are covered with 
a protective Ge layer of 20 nm. The films have a strip geometry of 0.3 x 3 mm 2 with two 
current contacts and three equally spaced voltage contacts on each side of the strip. The 
part of the strip which lies between the used voltage contacts is 2 mm long and contains 1000 
rows of antidots. From the T C (H) fase boundary of a reference plain film, coevaporated with 
the antidot lattice, the superconducting coherence length was determined to be £(0)=38 nm 
||. The samples are measured in a 3 He cryostat using a DC current source (Keithley 238) 
and a nano- voltmeter (Keithley 182). The rf signal was generated by a 9 kHz-2 GHz signal 
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generator (Rohde & Schwarz SMY 02). Fig. ^|a shows a schematic drawing of the measuring 
setup. The rf signal was superimposed on the dc current through two 100 nF capacitors. 

Due to the applied rf current and the associated Lorentz force, the pinning potential is 
tilted periodically, and when the resulting flow of the vortex lattice is in phase with the rf 
modulation of the pinning potential, steps occur in the V(I) characteristic at well defined 
voltages. For a square lattice of moving vortices with k moving vortices per unit cell of the 
antidot array, these voltages are given by []5| : 

V n = Nk—^- = n(Nk—v) = n(Nk%u) = nV (1) 

where n is an integer, N is the number of antidot rows between the voltage contacts 
(iV=1000 for this sample), (v) is the average velocity of the coherent motion of the interstitial 
vortex lattice, v is the frequency of the applied rf signal and d is the period of the potential 
created by the singly occupied antidots. The third equality can be obtained from the second 
using the fact that, when the rf signal and the vortex flow are in phase, (v)/d=nu. At n=l 
the vortices propagate over one lattice period d during one rf cycle, for n=2 they move over 
two periods during one rf cycle, etc. . By comparing the observed step height Vo with the 
one expected from Eq. (|l|), the number k of moving vortices per unit cell can be determined. 
This technique can therefore be used to detect the presence and perhaps even the amount 
of interstitial vortices in superconducting films with an artificial periodic pinning array. 

In Fig. [3] we show a V(I) curve at T = 7.151 K = 0.995 T c obtained for a sinusoidally 
modulated current : I — 1^ + I r f sin(27n4) where I r f ~ J c , the critical current of the 
sample, and z/=40 MHz. The field was fixed at the second matching field fioH 2 =l.03 mT, 
determined from previous critical current measurements ||. The V(J) curve is nearly a 
straight line through the origin, with smooth periodic steps superimposed on it. By plotting 
the derivative SI/SV versus V, the steps appear as peaks and their position is well defined. 
In the curve shown in Fig. |3] the steps have a voltage separation Vo=Nki , Y of 81.3 /iV, 
which is within 2 % of the value 82.8 /XV calculated from Eq. ([I]), using k=l. This leads to 
an average flow velocity of interstitial vortices (v) of 80 m/s and a traveling time between 
entrance and exit of ~ 3.75 /is. 

We have repeated the same experiment for different frequencies down to 25 MHz while 
keeping the other parameters (temperature, magnetic field, amplitude I r f of the irradiation) 
fixed. According to Eq. (jl[), Vq is a linear function of the frequency v with a slope of k 
xAf$ , which is equal to k x 2.07 /xV/MHz for this sample. The measurements reveal a 
slope of 2 yuV/MHz (see the upper-left inset of Fig. [|), indicating that there is only one 
moving vortex per unit cell of the antidot array. This means that indeed two vortices per 
unit cell are present, but that only the interstitial vortices are moving coherently, while the 
other half of the vortices is pinned to the antidots or creeping incoherently (see the schematic 
plot in Fig. gb). 

Indeed, the saturation number || n s rs = 2^oY\A — ? = m di ca tes that 

only one vortex can be pinned per antidot, forcing the excess vortices to occupy the much 



weaker pinning sites at interstices pO|-[T2|. Recent Lorentz- microscopy experiments |7] and 
numerical simulations |13] have shown that, for a range of driving forces, the motion of 
interstitial vortices is confined to ID channels between the adjacent antidot rows. When all 
interstitial positions are filled, as in our experiments, it is to be expected that the repulsive 
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interaction within the ID vortex channel and the shear between neighboring rows will lead 
to a coherent motion of all interstitial vortices, as we observe in our experiments. 

In summary, we have shown that Shapiro steps at voltages V n = nV are present in the 
V(I) curves of a superconducting film with a square antidot lattice when a rf current is 
superposed on the dc transport current. These voltage steps are equidistant and the ratio 
Vo/is depends on the number of antidot rows enclosed between the voltage contacts and the 
number of moving vortices per antidot lattice unit cell. From the height of the steps, we were 
able to prove that only the interstitial vortices are moving, while the vortices occupying the 
antidots are strongly pinned or creeping incoherently. Therefore, the presence of Shapiro 
steps should be attributed to the coherent motion of interstitial vortices in superconducting 
films with a regular array of strong pinning sites. 
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FIGURES 



FIG. 1. (a) Atomic force micrograph of the Pb(50 nm) film containing a square array of holes 
(antidots). The antidot size a is 0.4 /im and the lattice period d is 2 /im. (b) Schematic represen- 
tation of the free energy along a diagonal cut of the square antidot lattice. The black and grey 
arrows represent the vortices strongly pinned at the antidots and the weakly pinned interstitial 
vortices, respectively. 

FIG. 2. (a) Schematic drawing of the measuring setup. The rf current is superposed on the 
dc current through the sample via two 100 nF capacitors, (b) Scheme of the configuration of the 
vortices at the second matching field The open squares indicate the position of the antidots, 

the filled circles represent vortices. Every antidot is singly occupied by a vortex, the interstitial 
vortex lattice is dragged by the transport current in the direction of the arrows. 

FIG. 3. V(I)-curve of a Pb(50 nm) film with a square antidot lattice at T = 7.151 K = 0.995 T c 
and /io-ff=Aio-f^2=l-03 mT. The inset shown in the right corner shows the derivative SI/5V vs. V. 
The horizontal arrows mark the voltage steps expected at multiples of Vo=81.3 /xV (Eq. (jl])). 
The inset in the upper-left corner shows the linear dependence of Vo upon frequency. A slope of 
Vo/V=2/iV/MHz is obtained, proving that only the interstitial vortex lattice is moving. 
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